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< — . ABSTRACT.

Reversible'interference uith the conductance properties
.of the Sodium channel by anesthetic molecules and preferred ‘)

interaction with neurotransmitters in the synaptic cleft are

e @
g

'two postulated mechanisms of . general anesthesia. : v
In this thesis, bothvmechanisms have‘been-studied and
\. . .
interaction eneggies used as the criterfon to decxde on the

‘preferential binding of. the model - for the Sodium channel‘

. “with ions and anesthetic molecules. The interaction"

.energies were evaluated using a l/R expansion parameterised

- to reproduce ab-initio energies.
Gramicidin-A dimer was chosen as a model for. theiéodiump"
channel and its structure generated‘by a’theoretical

conformation analysis. 'This model was refined 1n stages ;y o
vsimulating the lipid env1ronment in the membrane with :
:(1) formic acid molecules (ii) formic ac1d and octane

molecules and (iii) formic ac1d, octane and a chain of water J"f

- \:
molecules ‘through the channel.

At each stage of improvement of the mod;l, the energy
barriers and permeability ratios for the ions under
:consideration (Li* Na Kt Ca2+) were evaluated and found
to be consistent w1th the experimentally observed two-site

o binding.theory,



-’

*he—interaction—oﬁ—dfethy}—ether—with the—mouth—of the———————

-channel waszfound to be preferred over ‘that of a water'
molecule at the same position.- Furthermore,‘the value'ofb”A
the energy of interaction is 1n the thermal range and the‘
' position of the ether is such as to block the mouth of the
,hchannel, thus. interfering with the movement of the ions
'resp0n51b1e for the‘depolarxsat1on of the membrane.: This
-hypothesis was tested on the guanidin1um ion and the =
.neurotoxins.'tetrodotoxin and saxitoxin.w Thexr toxic1ty is ;;/,7
‘attrrbuted to the large energy of interaction &nd complete \Lwﬂj'
'blocklng of the channel. ' | ‘ |

' Interactxons of diethyl ether with exgracellular sodium"”
ions, water ‘and acetylchol1ne show a definite tendency for

".the favoured 1nteraction of the ether with the - R

neurotransmitter._‘-

v
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CHAPTER 1 - INTRODUCTION e ‘
. 9

Nervous transmission is the‘proeess by whicn celis.in
an organlsm communicate with each other and the basxc
cellular’ unitL respon51b1e for the transfer of 1nformatxon
are called neurons. . | : o S

A neurbn consists of a cellpbody which contains the
,cell nueleus;” From the cell body{ pretrusionS“known as
,dendrites branch into the extraceilular medium.. In addltlonL
to the dendrites there is a long smooth extensxon of the
cell body known as the axon at the end of wh1ch_there are
'ljttie fibres called_terminallfipres; Insulatien'eetween
‘the aions of two neurons is provided'by»anbther type oficell'

known as the-SchQann,cell.v These cells are wrapped around

Ty P

the axon and the'interceiluiar spaces along the length'of
the axon‘are called the,nodes“pf Ranvier. :Any pranches,from
the axen eeeur at‘sach‘nedal points;* ‘v |
.inconing infermationpfrom another neuron, known as a‘
siénal}pis reeeived'by;the.dendrites'andAEOndgcted aleng‘theQ
_ . : e o

axdn'to 6tner'parts of the central nervousrsysteﬁ (CNS). -

'aCommun1cat10n between neurons 1s achleved by transm1tt1ng |
these . 51gnals across the gaps whxch separate the neurons.

t Such gaps are‘called synapses and,,1n the ma30r1ty of the'

cases, a synapse separates the axon of one neuron from the



dendrite of amother. The end of the ‘axon enlarges at the

-synapse to form a termlnal button whlch is assoc1ated with

the transm1ttance of the 51gnal across the synapse._
It has been observed experxmentally (1-7)‘that in the
resting state, the outside of an axon is more positive with

- respect to its interior .and the associated potential

'difference is about =70 mv. A stxmulus is. requ1red to

change this state of the axon ‘and when supplxed in the form

of an electrlc pulse causes a depolarxsatzon,‘1n the;
v1c1n1ty;of the p01nplof appllcatlon, across the axonal
membrahé,,:Thi$ depolarisation, if‘in excess ofua ihreshoid'
LValue, haslbeen found to. overshoot with the consequent u
jreversai'of-ghe polarxty across. the membrane._ tb;s impulse

{
1s called the action potentlal.

A

The restxng state of the neurOn xs restored after a few
mlllxseconds and the 1mpulse travels along the axon" due to'
the sequent1a1‘depolarlsatlon of-;ts membrane, At-the'i
ferminal butron'oﬁ.tﬂe-axon, the impulse is‘transmitted
across the synapse\resultlng in the depolarlsat1on of the}'
membrane of a second neuron. Injthls-manner;:neurons

/

,transfer'1nformat1on.to varlous'parts of'the CNS.
_ I

—

Communlcatlon across synapses could be in elther of - two

forms. | o -
i) ohemical transmissionl

 ($1) electrical transmissioni

As little’is.khowh of electrical transmission, the emphasis



~has been on chemical transmission which is described

below. 1In this mode of communication, certain types of

:

| molecules are associated thh the conductlon of the sxgnal
across the synapse. The termlnal button of an axon has
spherical.structures, known as synaptic vesicles, which
contain these transmitter molecules. “When an'action
’potentialiarrives»at the axonal‘terminal, some of the
synabtic vesicles releasefthe transmitters into the:sYnaptic
cleft. rThese\nolecules then:diffuse across the_synapSe_and
\interacthwith:the dendrlte membrane of a second neuron.
lsdch interactions*ﬁith the post-synapticlmenbrane causes a.
debolarxsatxon on the second neuron and, therefore, the,"
.transm1551on of the 1mpulse across the - synapse.- g
-In'a-neuron, the concentratxon of Nat in the external
'-medlum has been found to be about ten t1mes greater than in
."-the axoplasm, whxle the reverse holds true for K+ ’ Hodgk1n
et al (4-7) observed “that the propagatlon of the nerve‘
_1mpulse corresponded to the change in- the permeablllty of

the axonal membrane to-Na " and K+

| o _ , :
The arrlval of an 1mpulse at a neuron allows the flow

of Na 1nto the axoplasm wlth a s1multaneous outflow of

K*. It is thlsrtransfer of ions wh1ch causes the

~ depolarisation across the membrane. An  immediate

repolarisationlprocess follows.with'the'Na+'being.driven‘OUt,l '

of»the:axoPlasm.’ This restores the neuron. to its prev1ous

resting state. The restoratlve mechan1sm is called the



‘Sodium‘pump"and the energy‘required to'expel thetNa* is

supplied by the hydrolysis of Adenosine‘triphosphate“

(ATP). ' Thus thegbasic mechanismvwhichfcauses an impulse and
its‘propagatlon-along'the axon-is directly associated with -
-the.permeability.of.the aronallmembraneltO“ions. |

'The passage»oﬁ an’ ion, unaided, through a 11p1d bilayer
may not be. energetlcally favourable ‘due to the latter sb
hydrophob1c1ty and a polar medlum spannlng the bllayer could
' help the ion mlgrate across the membrane.f The polypeptlde
“nature of 1ntegra1 membrane prote1ns satlsfy these
requ1rements and they behave as transmembrane channels that
fac1l1tate 1on1c m1gratlon.: Such channels are selectlve |
'.towards certa1n41ons and'the Sod;um channel, vhlch allows
gthebtransportjoﬁina+ duringxnerve impulse, is a veryg
relevant‘example."’ R o ‘ L h |

Although the molecular welght of the Sod1um channel has;
been found to be 270 kllozdaltons, 1ts structure 1s st111 to‘p
" be characterlsed.’ The‘average dlameter of the channel pore
is about 5 A and conformatlonal changes in the am1no ac1d
re51dues can vary thrs value accordlng to the size of the
ion belng transported.i | |

' After 1n1t1at1ng the pulse on the post synaptlc
_membrane, the transmltter molecules have no futhgr use ‘and
are destroyed by a related enzyme. After the molecules of

the transmltter have been removed, a second 1mpulse can be

1transm1tted through the same 1ntracellular gap.



' The release of the neurotransmltter molecules 1nto the

1, synaptlc cleft appears to be in small quantized amounts and

tthe1r dlffu51on from_the‘pre-synapth-to the post—synaptlc

‘membrane determines the direction of the action potential.
1.1 INHIBITORY EFFECTS ON NERVOUS TRANSMISSION

Interference Qith.the initiatlon or propagation of'a
nerye 1mpulse wlll result ‘in the suppre551on of 1nter-
neuronal commun1cat1on. Such 1nh1b1tory effects could be
'fpermanent or temporary dependlng ‘on. the extent of the
d}1nterference.v Usually, molecules Wthh 1nteract w1th
-strateglc b1ochem1cal componeﬁts necessary for nervous
transm1351on are assoc1ated w1th such effects, examples
,belng‘neurotoxlns and anesthetlcs.‘.‘--'i; l- ‘,:_fﬁ

. The 1nterference caused by anesthetlcs can be regarded
as. temporary and therefore rever51b1e._ Thft 1s, after a
A,certaln perlod of t1me, the 1nh b1tory effect of the’fv
S anesthet1cpls_dlm1nlshed and ne&yous transm1551on restored
:to'normal<levels;‘ Hence the use\of anesthet1cs in’ surglcali

appllcatlons.. Neurotoxlns on the other hand, have a more

"permanent 1nh1b1tory 1nf1uence and 1n most cases the results

AR}
Y

are fatal (8).,;.
I Many mechan1sms have been proposed (9) to expla1n the
1nh1b1tory effects on nervous transm1551on., Of these, the -

f,three that are currently empha51sed are:.



‘(i) interference wlth the 1n1t1at1on of the 1mpulse“

B
X

(ii)'~‘ 1nteract10ns which h1nder the dlffusion of the'

'transmltter molecules 1n-the synaptic clefti
and -
~(iii) = changes in the structure of the transmitter

receptor.

As the 1n1t1atxon of an 1mpu1se is d1rectly linked- thh‘

lonlc transport through the.Sod1um channel, 1nhib1t10n of
neryous transm1551on may befdue to the blocking of the |
channel»byvgiven moleCules,_thus h1nder1ng 1on1c
migration; A loglcal p01ntfof h1ndrance 1s the pore of the
channel and the 1nteractlon-of the'lnhxbltor‘molecules w1th

. o .
the mouth of the pore could be .one of the factors
respons1b1e for th1s 1nterference. |

molecules w1th chemlcal transmltters 11ke acetylchol1ne.

Another p0551b111ty is the complexxng of the 1nh1b1tor'

The second hypothes1s 1mp11es that such 1nteract10ns should»~t'

be more favourable than the correspondlng 1nteract10ns w1th
'.other molecular and 1on1c spec1es ‘in the synapt1c cleft. A'
Further, the d1ffu51on of a COmplexed transmltter towards
the receptor on the post-synaptlc membrane 1s h1ndered and‘
' s;gnlflcantly reduced..»

Each neurotransmltter has 1ts assoc1ated receptor on

the post synaptlc membrane and 1nteract10ns between the two

whlch are respon51b1e for the transmlss1on of-the 1mpulse,‘

thus, the probablllty of depolarxslng the second neuron vjjl’
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“take place atwstrategic p01nts on the receptor. ~The -

9

'blocking of such points by anesthetics or toxins diminishes

e

1.2 AIM OF THIS RESEARCH

fisome of the p0351ble molecular 1nteract1ons which -are

”the transmitter—receptor interactions reSponsible fop
'nervous transm1551on.; For example, the>toxic1ty of~curare g

is believed to ‘be due to the blocking of the acgivé?sites of .

o

the receptor on. the post-synaptic membrane.:"

s The br1e£ qutlines of each of the three mechanisms

4'presented above give an. 1nd1cation of some of the possiblel
‘1nteract10ns responsible for the anesthetic or: tox1c
uproperties of some molecules.. The reduction of 1nter—'
'neuronal communication may be due to any one’ or more of the

-processes described by the postulated mechanisms.‘ From a

-

‘ chem1ca1 p01nt of’ view, the third mechanism is more

'difficult to 1nvestigate, as very little 1s knOWn about the

‘

ireceptor 31tes on the post-synaptic membrane. In the case . -

‘¥

”;of the first two mechanisms the structural details of - the
;_systems 1nvolved are better understood and can ‘be

"1nvestigated by su1tab1e s1mulatlons of the molecular '

A

;species;and_related 9nvironments.

In thlS the51s an attempt has been made to understand

ufirst two of the three proposed mechanlsms were stud1ed

’respon51ble for the 1nh1b1t10n of nervous transmi551on.\VThe'



using‘theoretical simulatiOn'techniques. The energy'of

1nteraQtion between two systems under investigation was used

'as the criterion to decide on their preferential binding."
. . The mode of evaluation of thlS energy is described briefly
-:ln the next subsection. | ‘
'y As the Sodium channel 1s.not structurally fully
lcharacterised, a su1tab1e model based on available
L experimentaliinformation‘was‘used 1nstead.‘ The energy
gradients for the passage of some alkali and alkali earth
1ons through the model channel were determined and found to
h”be in good agreement w1th experiment. The tox1c1ty of the
'neurotoxins, tetrodotoxin and saxitoxin,twas studied by

‘ determining the nature of their interaction w1th the pore of

,“the channel. Further, the-position of the toxins was foundv

.to b%pck the pore of the channel, interfering w1th the

‘,transport of ions. This obserVation indicates that such

"fttoxins hinder the depolarisation of the membrane and hence ”.l

Q

bnervous transmission..-
e A similar study on the anesthetic nature of d1ethy1
“ether 1nd1cated that the energy of interaction of the ether

.with the mouth of the pore was in the thermal range._ Such

,””T;interactions are relatively w§3k>;nd can be overcome bY

‘tmolecular collisions and conformational chahges 1n the f
\ B

systems concerned - a prerequisite for the temporary

’vﬁinhibition of nervous transmission as observed in

_ianestheSia. -



The second postulated mechanism was studied next.‘

"Extracellular Na*t, ~acetylcholine and water were chosen as

'.some'of-the specieS'in the‘synaptic cleft."Molecules of

‘diethyl ether were clustered around each of theISpeciesv

*3”mentionedvabove. The 1nteraction energy of each ether

molecule with the second entity was evaluated. As

postulated, the trend in these energies showed a definite

preference for the 1nteraction of the ether w1th

"acetylcholine than with Na or water:

1.3. MODE OF EVALUATION OF “INTERACTION ENERGIES

«

A quantum mechanical treatment of .a system of 1nterest-

3vrequ1res the solution of the Schrodinger equation .

yinteractions in the system, E and t being the corresponding

7',eigenva1ue and eigenfunction. respectively.

At present, exact solutions to this equation arex

fkavailable for hydrogen-like systems only and approximatlons

-

"pare required for the treatment of larger systems.: Most g]f

S

and electrons and the approximations 1nvoked are,vin many'

,cases, drastic., The results obtained from such calculations

-;where H- 1s the Hamiltonian operator which 1ncludes all the -d"

' molecules involved in biochemical phenomena have many nuclei o



are questionable as’ the approximationsaand]modelslused may -

have very‘little relevance to the_brocess under

10.

’1nvestigat10n.

The Born-Oppenhelmer approximation (10) which separatesr;

.- the nuclear and electronlc parts of the total wave function

¥ as

¥ = Velectronic ° VYnuclear

“is-a basis of most molecular electronic calculations.
Keeplng the nuclear geometry f1xed, the electronic energy of
":the system and 1ts apprbximate wave function can be ﬂ »
hevaluated._ | | |

| ) Ab-in1t10 calculation of the electronf% energy 1s
‘fhusually based on the Hartree—Fock-Roothan (11) self—

con51stent field technique. .The amount of computer ‘time

required for such a treatment increases as-a functlon of the"

o

-;number of electrons to the fourth power.v This has been the

ma1n drawback 1n the rigorous application of this method to

'flarge systems.~ The cost of such calculations will be 'fq;h.

7phenomena1 in a meaningful treatment of biomolecules and to o

-overcome this disadvantage, semiempirical methods have been a

;used with varying degrees of . success.i’
L The method of calculation used 1n this thesis to

evaluate the interaction energy between two systems A and B

-is based on the theory of weak interactions.. An assumption

RN



'in this theory is that the wave funé’ions of the constituent

1.

'systems are not altered during interaction and therefore,_aﬁ"

;'multipolar expansion of the potential of interaction is

:posstble. Such a multipolar expanSion expresses the

interaction between A and B as a function of the rec1procal

r of the distance separating the various atoms and -is referred
to as a. l/R expanSion._ — | )

| The semiempirical method used here evaluates the o
';interaction energy from a truncated l/R expanSion .

aparameterised to reproduce ab-initio calculations. The-

‘details of - the method of calculation are given in Chapter 2. :

The reasons behind the chOice of certain molecules for ;

. the simulation of the biological systems and enVironments

'>wand the rbsults obtained from the- application of the

‘.semiempirical formulation are presented in- Chapter 3.
vdrFigures of the interacting systems are given to- emphaSise
certain salient features of the results.}‘;J__._v'_41 :

| General conclusions ‘on the applicability and i;a
]‘ improvements to the model'arepdiscussed in,the_final;



CHAPTER 2 - THEORETICAL FORMULATION B

LI

2.1 INTRODUCTION

In order to. evaluate the 1nteraction energy between two.’“

systems A and B,‘a suitable potential energy functlon V(r)
has to be chosen. ThlS function, which measures the 7i
1nteraction between A and B, w111 describe the~d1fference 1nLj
the total energy of the system at a distance r from 1ts .
value when A and B are 1nf1n1tely separated.“ Thus Etotal'
.the total energy of the compos1te system, is given by

EaeEg V) a2

Eeotal =.

where Ex (x = A, B) 15 the energy of the 1solated system

X, As the distance separating A and B 1ncreases, the

influence of each system on the other decreases., Hence the-'
values of V(r) decreases with T and at 1nf1n1te separation o

. "tIEtOtal = jEA"""" EB o :v . e :v2vv,~]v,‘,2

V(r) ‘can be regarded as a’ cumulative effect of

- attractive and repulsive contributions between the particles'

e

_:constituting the\systems. For chemical purposes,'the"

particles are the electrons and protons of the atoms making

-
—

12



. 13. o

wpAand'B.
For theoretlcal purposes,'theAenergy‘of*interaction.AE;»

A S

>;f——“can~be d1v1ded~1nto

a

-:f '(1) Long range contributlons,n:vu ‘T'_ . " T,
‘"j dll) Short range contribut1ons.ff;r"L IR R
f‘ At long range, the overlap of the wavg functlons is assumed
| to be small and thus the wave functlon ¥ of the composrte |
.‘7:system can be expressed as a product vAwB of the wave'.
vfunct1ons of the 1solated systems (12 15).. However, fOr:
'ylnteractlons at short dlstances,Asuch an assumptlon about
'the wave functlon of the total system 1s not va11d as the

\

; A}overlap of’ the electron clouds 1s s1gn1ﬁ1cant.l In such a
mcase, the total ‘wave funqt1on is an- antlsymmetrlsed proddct*ff.
e of all the electrons 1n the compos1te system.

o

The long range contrlbutlons to AE can be subd1v1ded
*1nto an electrostatxc component AEelectrostatlc' an
':lnduct1on contr1but10n Aand<i_§ a term AEd1sp due to the -'
’hd1spersion energy.. The physical meanlng of each of these RH
,subd1v1sions is descrlbed below...f_s'
. At a f1n1te dlstance r separatlng A and B, the

/: 1nteract10n of the charges on one system w1th that of the c

.;fother 1ntroduces the electrostatlc component . .
| - The collectlon of charges on A 1nduces a

c .

'@AEelectrostat1c> |
f[field on B, and v1ce-versa.ﬂ The f1e1d 1nduced by one system:

_interacts w1th the other system and thls component of AE is’
_termed_the,tnductlon enerQY»AEindaf The electron clouds in af'

’ .
B



L:nidlstances of P from Ql and sz respectlvely.

system are in .continuous motion. Even .if the.interacting

syStems have no permanent dipole moment, they will‘possess

5

————an— 1nstantaneous dipole- moment.——The—anteract1on between_the

two 1nstantaneous d1poles produces the dlsper51on energy

component, AEdlSp’ of AE.

‘ Thus AE can be regarded as. belng composed of the
“following contributions: - A |
. + . i - . N . : . . . e ' /.

AE = AEgjectrostatic * 4Eind * 8Bgjsp * 8Eshort-range 2-1.3
2.2 DERIVATION OF THE POTENTIAL ENERGY FUNCTION
2.2.17'ELECT?OSTATIC.CQﬁTRIBUTIONSL} | e ST

The potent1a1 ¢P at a p01nt P due to charges Ol and oL}

’arranged about a. center 6f mass o} 1s glven by -

|
e—

'¢bf?;3'

n’where eo 1s the perm1tt1v1ty 1n free space and rl, r2, the
4

B If 8.-1is the pos1t1ve andle OP makes w1th 0102 and zl,

.,_22 the d1stances of Ql and 0y froﬁgol

'-'-_ T |

,}/f\j\;“

e - '2.2.1.1

14,




‘ .
' ‘15,
V]
! S 0, . - 0 |
————bp—=— el ! + : - 2 - ]
4!;0' [r2+212f2rzlco$ 8] %Q "[r2+z2242r22 cos 8] 9?4
2.2.‘1.2'

* Assuming r >> zl,wzz'and expahding.in powers of z,/r

and z,/r using the binomial expansion,

PO

. 1~ Q,+0, (0,2,-0Qy2,)Cos?b
4, = [——— + —
P 4ne "r ‘ v r2 i
| 0. . '.
' . 2.2.1.3
_ (Qlii2+02222) g N
. 2 . . .
r
Substituting :
l-l'_'—' 0222 -_'Olzl -
and . o
E o= 01207 + Qp257
one obtains .
_, S
1o ﬁCos>é H . o LT
: _ 41!!-:0 ) r - 2r o . IR .

”“Cthider a second-cﬁéége disﬁribution (Qi',ﬁOZ') with'
‘14 centre of;mass S. The relative orieﬁtafibn'bf (01'.>Q2')
withfrgspéct.to7(6fﬁ302)'isjdefinea és féllowéé
'.(i) 8y and éz aré,the angles médeuby OQI"énd QQZ.;.
| Cwith OSvgebectivély. )

(ii) - z) and z, are distances of Qltrand 02' from S and



(iii) ¢ is the angle, measured in an anti- clbckw1se.

_A T sense, made by (Ql 02 ) with (Ql, QE) about“the‘“““”‘“—
line OS. o
The electfostetic componeﬁt, AE ectrostatic ©f AE is
given by
AE L S = Yolr ) . 2.2.1.5
‘AEelectrostatfe - Q1 ¢(rl ) f 021¢(52_) . S e
' 051ng equatlon 2.2.1.4 and substltutlng
.Q' = Qll + 02 B ‘ '\.
wt= 0z -y z1 |
' v
Ll..= 02 22.2+ Ql zl 2,
one obtains '
. . . . | Y
_ _ _ 1 QQ 1 . a . ‘
8 clectrostatic 4 [—— + — (0 uCosb; - Qu Cos$,) -
e . 'leo r . r : : ‘
'.' ,v ' 8 ‘ .
L0 S ) L es " ,
—;§ (2CosBICose2 : 519915{n82Cos¢) +
1 o, . . " ;_‘2’ ' )
— {08 (3Cos"6,-1) + Q H (3Cos”8;-1}} + ...]
2r o S S ' . .
~ 2.2.1.6.
2.2.2. INDUCTION ENERGY R R T o

SupposeeE‘is,the static electric field produced by '
‘system Avaqd>uihd;lthe indueed dipele mbﬁent'of_sysgem'B'due’

~

to E. Then, by definition,



17.

Bin d'_'_;__luE _ i I | : 2.2.2.1
s : o B
.and'
. . » E Q‘
AEind e = - fo <_x€d€ . .
. : 2.2.2.2
».= _ lé a E2 .-
- 'where a‘is the-static polerisaﬁility-of B.
The magnltude e of the 1nduced energy ‘at P, at a -
—dlstance r from 0, 1s.glven by
o ae 1 3¢, 2 1, L
S S s 3 V2 2.2.2.3
' ir 20 ' ' IR o
which becomes, taking into account equation 2.2:1.4,
- 1 102 - QCosB1 "uzﬁ ' L ,é ‘
" 4we r - r” o ‘

0

Substltutlng equatlon 2.2.2.4 in 2.2. 2 2, the indused'

energy.,; AElnd,Aof the second system due to the f1e1d pf the

fi:st(one;ls

S ‘1'-“-_-‘a R R QCosb, - u 2 S -
AEind = = - _—_—i {—4— +‘ 4“ ,—T_-.* -T (3Cos el+1) + oo_'o}-
‘ .2 (4:50).VAr r-. r . S

) 2.2.2.5

~where;u"is thexpolarisebility'of the secphd system.

\



As in the case of electrostatlc contrlbutlons, the

18.

————-_—total—1nduced energywslnd, when—A and B—interact-is

' ' 2 ) ' ‘ o
o 1 1 a QO+ a0 ) #0a Cosd,+u Q aCos$,)
(- Q ( ' - 2(- . , ;
1nd (415 )7 o r4_ R . 2
2. a2
mﬁq.a (3Cos.01+ 1 ) + u a(3Cos™6,+1)}-...]
I L'2r6‘ ‘ .
2.2.3 DISPERSION ENERGY
E As'stated»in section‘2 1, the dlsper51on energy o =

component AEd1sp of AE .is due to - the 1nteract10n of the

.1nstantaneous dlpole moments of A and B. " Thus, AEdlSp w111f

-

behglyen.by

AEgjgp = <*lwdd|*>'3‘ »{ S n.f‘h.: j} ?fz;gfl”

'where ¢ is: the wave functlon for the comp051te system and -
:‘de the quantum mechanlcal operator for d1pole—d1pole
1nteract10ns. h:a .f:Ct7 |
Expre551ng v as ¢A¢B (sectlon 2. 1), at long range

separatlons, one,has

', AV ) . Lo " ‘A ‘.‘ N v. .'_ ,‘ . ‘.br
. BBgigp = <¥avplWgql¥avg> - . T 2.2.3.2
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. 3

2,2;3;1 ‘ DERIVATION OF THE DIPOLE DIPOLE INTERACTION E

T

~ where,

- ap I Q.J *o, k[ EF: CrMg = ?

OPERATOR

19.

The potential‘ﬁi'at;é point Pifoue‘to a charge -e; at Q;

" is given by -

o .

e = A T 202031

o] L
i 1]
o —
1= » |
1
e

)
Lo}
"
8
)

;with-resQect;to an5origin'0{ 'Expansion~of~¢i using the.

Tayior#ﬁeclaurih7expansion'yielde

3 1

(— )] o
Q' | yif7' i_

3

: Jek Q K® Q J A B T

leferentlatlng equatlon 2. 2 3 1. 2 w1th respect to the
|

Carte51an components, y1e1ds‘ _ "“. ”_' vf't’f ”'_ |_

Bf,L . of |

- 3%g

and subst1tut1ng equatlon 2, 2 3 1 4 in- equatlon 2 2.3. 1 3

C2.2.3.1.3

2.2.3.1.4 "

2.2.3.1.2

the dlpole potential ¢(2) due to N- charged particles becomes t:
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%

(2) _ .

"2.2.3.1.5

'wheré‘p.is thg dipole:moment ofvthe_SYsﬁém; defined as

e
R SR I

0 2.2.3.1.6

‘The electric dipole field vector E(2) is given by = .

E(2) oLy g2)

o= =V (per)
| } 3 |
S S 1
T3 Viper) f;(pag) V(—

—3) .
x r Coe

M;f

-p . 3r
==yt (per)
' N o
Gl XD e e s

o

f ifjthe interacting’éystemsiA_and B, have dipgleg'pg,énd f 

.pp -such théﬁ



and

Pp=erg - . 22319

where rx (x = A, B) is the d1stance of. the . electron cloud
~from nucleus x the d1pole—d1pole 1nteract10n energy Edd 1s :

“then g;ven by‘

: _.g_ _g;_' AR Y ,
' ‘where n is thefunit’vectorlin"the‘directionixgs
o The‘dipoiefdiboie'interactiontoPefator Wyq is then
. Maa T ;j”I*AxB'*'YAYB Tl o ?f?73°17¥?'”
2.2,3.2 PERTURBATION FORMULATION ‘OF THE DIbPERSION ;"7f

ENERGY

: The flrst and second order perturbatlon changes to- the

henergy of the systems A and B Eo(lx_and 80(2) are g1ven by

y

Bo- " --<WA$Blwdd|wA¢B>‘_x~f‘ T T
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D
Bg'?) = = § 31t lWgql¥y ¥5 >1°
: L4 . u v

Ey o = E

2.2.3.2.2

APy AR
;where EAB is. the total energy of the 1solateé systems A and
B obtarned by separate solutlon of the1r Schrodlnger |
"equatlons and EA B, is the sum of the energles of’ A and B in
'the states u and v. e | :

i The dlsper51on contrlbutlon to the energy, eerrect_te  ‘i

second order,‘1s.,ﬁ_'ﬂ‘

S g (1) 4 g (2) 0

Assumlng that v 1s spherlcally symmetrlc, Eo(l)

Ve

from equatlons 2 2 3 2 l and 2, 2 3 1 11 -one obtalns

CaE L= R T 2,2,3,2.4

'from‘quations_2,2;3.1g11;ana“2;2.3.2.21,
CMEL = ié LT {<¢ [ %, |¢ ><, |x |¢
‘_disp 6: STATAlYA ThTBITB B _
T -;.,r u'wv - _ v o L

2<*A|ZA|*A >“’BIZB“’B >k /[EA B, E '15«5;_h

; ;

: vInclus1on of dlpole-quadrupole 1ntetact10ns and“
quadrupole-quadrupole 1ntetactions w111 1nclude higher order

,terms in r. .

Te N
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In general, the dispersion energy, AEdisp can be

‘expressed as R

g -6 ,%8 4.C1° T .‘ '5‘2 3 é 6

disp,f‘s PR U S Gefedeleb
- A . - o \

"where, in particular, C6/r5'is;given by equation 2.2.3.2.5.

'2.2.4 . | SHORT RANGE CONTRIBUTIONS

A In the short range reglon, there'is.considerableh,i
. =

overlap of the wave- functlons of the two systems A and B.
”-'Hence, the perturbatlon treatment as presented in 2 2 3 and"?

'the multlpolar expan31ons used to derlve the long range

~

AR e

fcontrlbutlons ‘are. not strlctly valld. o
.o In order to overcome these dlfflcultles, an emp1r1cal
’potentlal form 1s used to represent these short range

_forces. The funct10na1 form used generally 1s the Lennard-

vJones (6 12) (16) glven as f

r

o Agshdrtfrange;A F'{(.r)~. 3‘2(”r) } o ”2'?{4f1

hwhere rn and € are the equ1l1br1um dlstance for the palr—f

g potentlal interaction and €, the depth of the potentlal

e energy minlmum w1th respect to the energy of the systems at'

-h'1nf1n1te separat;on.'

R
e b ek i s i a4 e i

el ekt b b

e o i A A g s Al e

RS
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2.2.5  SUMMARY "OF THE ANALYTICAL FORMULATION FOR THE

INTERSYSTEM POTENTIAL ENERGY

A Y

,From subsections 2.2.1 -l2.2.4, the interaction energy

AE can be expressed as: R

- A, ‘A, Ay A, A, Ay Ay By, T
1 2 3 4. %6 8 "10 - 12 ‘ : :
. AB = + — 4+ =3 + —T‘+‘3-+ —5 + —o + 3 + e . 2.2,5.1
R "R R™- R 'R R . R R '

where the A;'s are coefficients associated with the - .
corresponding powers of R. ~
FoffpracticallappIiCafiéns, such an equatlon 1s of

L \ . .
o llttle use and a’ sem1emp1r1ca1 evaluatlon of some of the T

'-coeff1c1ents and su1tab1e truncatlon of the multlpolar o

. expan51on.1s‘requ1red.-

v

2.2.6 A SEMI EMPIRICAL APPROACH TO THE R6 COEFFICIENT .
' OF THE DISPERSION CONTRIBUTION - THE. SLATER- f

KIRKWOOD FORMULA(17)

The dlsper91on contr1but10n, AEdlsp' to the 1nteract1on’

"fbetween spherlcally symmetr1c atoms (see equat1on 2,2, 3 2 5)

may be wrltten (1n atom1c un1ts) as

| 52
| <¢A|2A|*A > <*BIZB|*B S
 — Y o 2.2.6.1

v (B, By = E) :
: A, B, AB' -

e N/'.‘

AEdiSp = :6-
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- S 2. 2
e R W - N | -
LENI. J - 2.2.6.2

L . : —
. e \ .
u v | \(EA(ufO)'+ BB(V,O)) -

N
-
1

= <¥alzalva >

<'PB| zBI WBV). :

‘= Epp = Ep, * .Bg - Ep < 'Ep = Ep(y,0) * Ep(v.0)
D B | 2.2.6.3 .

where Ex(m,0) feptesgnts the enefgy of "atom X in s;atefm'"
referred to the energy of its ground state (X = A, Bj m'= -
U,V).:4:. f'  Lo S ":J: ‘:1 v .3. ' .. '

' A.simplification of thié‘eipréssién may-be'aChieVed,‘as
;;diséqssed_beidw, through its relétiphéhip to.thé'integral'f' N
‘:g ' ‘ JAEE S g
e, EA‘“'O)‘ZAU EB(Vfo)ZBV S S
1= —————— dt . 2.2.6.4
'\'-Q" (EA(u10). +'t )(EB(Vq0)-i+ t .

7) % SSADO

The integral I can ‘be ek?te#ééd as' -
o | ; 2  ; . 7:>'2‘_‘; o
i -~ R Au] gB(v'O)'?BVZH:T»» iﬂ g

‘j EA$Qﬁ0):Z>
) e ‘ ) 2., ﬂ2 2 .
" __(EA(U,O)‘+§‘)(§B(V:QX,fti). “n

Ree ©2.2.6.5.
EA(“'Q)‘ZA'Q EB(V,O) zg

4 [ — > 92 — ~5—

ST (B, (u, 0024t %) (By (v, 0) 24t

Voo e
7. dt R

where T is'a'semicirble'abové the;x axis having the line

:,(-R,_+R) as diameter.  In the limit as R + =, théfsecond.



‘Ltetm-in eqUationn2.2;6;5fvanishes'and,.using the theorem of

- résidues, one obtains

(Ep(u,0) + Eg(v,0)) o .

Compafing equations 2;2.6.4 and‘2}2;6;62with equetipn

“v

" 2.2.6.2 one obtains .
E‘(u.o)s°(v)0)25,2zé,?rf
I- . u v 'dt .'
- (E (u 0)+t )(E (v 0)+t )

T -6
BBgigp T LI
o Tr o u v
A
' 2 2, 6 7.

L Maklng use of - bhe formula for. the frequency dependent '

v'polarlsab111ty P(v) of an atom (18),,name1y

. B .J?{f._
EA(u,O) TN

(v) 2 I : u
o (E {u, 0) (hv) )

‘and 1ntrodu01ng an 1maglnary frequency s - ihv,fthe_abeve
'nequatlon can be wrltten as.

2'>.' ‘

&, (u,0) ZA - - B

'"':'p(s)'= 2 L
R ! CE (u,O) + s )
'Spbstitutioneofaequation,2.2,6;8»in.2.2,6e7 yields -

~

L e
P ‘£»3PA(§) 2B(s).ds UL 2:2.6.9

nr



The analyt1cal expre551on of Mavroyannls et al (19)

27.;'

rﬂexpresses PA(s) as

e R B
CRp(s) = | o 2:2.6.10

The constants D and d are adJusted so as to’ reproduce the

- static polarlsab111ty a'as ”:' . h "Pm§ )

' and'thefpoiarieabiiity'at_large frequencies‘aSj-ih;\; -

. ;where wa is the osc1llator strength for the tran51t10n from

o the state 0 to state w.ixh- _j_;'
: U51ng the Thomas—Relche—Kuhn rule, whlch equates the

-’_total osc111ator strength to the total number of electrons'

’eon atom A, and equat1ons 2 2 6 11 and 2 2 6 12, the

"d1sper51on energy component of the 1nteract10n energy can be jff”t“

awrlttenaas

3. ’f‘ P2 B S D d»s- o gia.603

- -AB .H'?#;, .
Tatee TLE o e, BeTia,r D)

',.

_ieAfter'evaIuatingftheiintegral_innthe above equation, one . .

]-obtainég"



Lo-3 o weg | |
. -3 ~ A"B \ . 2.2.6.14
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AE .. =
disp 6 ' :
: 2r [(:;-T”éit_(_ Y_/‘ S

_Eqaatian2;2.6.14his referred to as the Slater-Kirkwood

-fermula“fgr the dispersionfenergy‘eontribution.

<

2.3, ‘_“'APPLICATION’OF THE 1/R EXPANSION. .

~ -

The'l/ﬁ expénsion‘has_beenfappfied in the evaluationfof

"1nteract10n energles for.

"(f)_t QIntramolecular 1nteract1ons .

and

"(ii)j.fIntermqlecularfinteractions
 2.3.1 . INTRAMOLECULAR INTERACTIONS
In the method of Scheraga et al (20—24); the -

conformat10na1 energy of a polypeptlde chaln 1s con51dered

'glas a functlon of the varlous dlhedral angles and eualuated

'“ as ‘a sum of the leadlng terms of the coulomblc, dlspers1on
y}and repu151on contrlbutlons derlved 1n the foreg01ng sub-
sectlons.’ A tors1onal energy contrlbutlon for rotatlons

about\dlhedral angles and a semlemplrlcally fltted hydrogen-' o

bondlng energy term are also anluded. A.result of this

- formulatlon was the estlmatlon of parameters to be used in
emp1rlcal potent1a1 energy functlons for pa1r—w1se add1t1ve.

_,1nteract1ons,,

™S
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The coulombic term EC is given by

c _ . - - o , :

. E- = ? ? qiqj/Drij | 2.3.1.1
i3 .

where qy is the electronic chérge‘on atqm k calculated by

‘the ‘complete neglect of differential overlap>method (25), D'

is an effective dielectric constant given a value 2 and,rij,

k4

the distanCeAbetween atoms i. and j.
- 'The repulsion and dispersion enérgy‘térms, together
called thé[nonbendihg term, are evaluated using a 'Lennard-

"Jones (16) function as.

‘ | A e 12 L, ey | ,
= . - . . T 2. . -2
ENon-bonded f § (Ak!/rij ckx/rlJ\) o , 3 :
where:Cp, is obtaiged using the Slater-Kirkwood formula
k£ S _ ; -
(2.2.6.14). o R

‘between -
Riing ™

b
W

The {ennard—Jones_ﬁbrmula for the interaction

two similar atoms k gives:Ag, as .
Jroms & gives: Bk |
By = -ekker KRS1Z0 0 e 2.3.1.3
3@ :

‘with rgkk and e défined‘inHSection 2.2.4. The brackets

.enclosing rgkk denote an average value, i.e.,
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where_the summation includes only the”hydrogenfbonded

. paifs;i The constants A'ﬁ .x and B'H X are.evaluated (21)

‘by fitting the hydrogen bondIng contrlbutlon of 11near.

bonded dlmers evaluated by the complete neglect of
d1fferent1al overlap method to a (R -10 o+ R-lz) expaneion;v

-For rotatlons-about a pept1de~bond,lthe torsional

lenergyfterm (in'kd/mqle)-is eﬁsluated using:

: _.4.828;
E:t:or._( )

(1-Cos26)

where 8 is the ‘torsional angle, while E; . for rotations of

the.side chain dihedral angles (x) 'is given by:

2.3.1.9

with
o kt,o._ kL. 6 | o |
ene obtains 5
akl o gkl p kL1200 2.3
The hydrogen bonding contributions Eyg are given (21}
" by: . »
S ¢ ) 10 o oqq
Fup T 7 By . .x /fH...x ~ Ba...x/Ta...x) o 22318



tm
[

th

= (Uy/2) (1 % Cos 3x) ] . 2.3.1.10.
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where

Ug

0.6453 kJ/moleﬂfor rotations.about Cc-C saturated bonds
0.1434 kJ/mole for rotations about : C—O hydroxyl bonds

30.4302 kJ/molevfor rotations about C ~N ‘amine bonds

-

2.3.2 INTERMOLECULAR INTERACTIONS

. From section 2.2.5, the energy of interaction AE,g.
between two molecuies A and B can be .evaluated as a sum of
individual interatomic pair-potentials'according to the

equation

S . A cC . S
AE, . = agA.bgB[R + — . — +.'7']“ S $2.3.2.1
' ab . Tab ~ab '

where‘Aab;_Bab, Cab' can be obtalned by comparlson wlth

‘equatlons 2.2.1.6, 2 2. 2 6, 2 2.4.1 and 2 2 6»14 Thelform :

. of equatlon 2.2.5. 1 makes 1ts practlcal appllcablllty and

usefulness questlonable. For computatlonal purposes, the'
flrst term 1n each of the contrlbutlons to AEAB are used tO
;“evaluate the. energy of 1nteract10n.' |

: A partlcular example is the potentlal energy functlon‘b

of‘M1n1cozza and Bradley (26) whlch approxamates AEp g as:

.
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D

A B, C | . .
— . -ab ab ab oyt :
8Epp = aka bls (R + I + — + n 12 ) . 2.3.2.2
ab—ab———ab———ab—
:.Hhere
.Aab = 0,0 e - 2.3.2.3
By = - L (a,0p * "boaj-) B | - .2..3.._2.4
: L a3, ‘ﬁb. 1 : T
= 2, R _by S ‘ o
. Cab T ;/2 aaabll‘n )'- + (n )'Aq . o 2:3.2.5
, : a . b e i
'D_, =.D_D, (27) '

-“ab T T"a’ b

‘va, a*i‘r; andyD*‘are, respectively, the electronlc

| 'charge, static polarlsability, effect1ve number of electrons

'.‘and a sem1emp1r1cal parameter assoc1ated w1th atom x.
Another example of a l/R expans1on 1s that reported by

1C1ement; et al (28—30)_wh1ch expresses-the 1nteract10n

energy AEpgp as o

%45 = ala bls .,(A:p/f:ab . ;éb U R
e : .-ab .é? - db‘

The above equatlon breaks down the 1nteract10n energy
1nto pa1rw1se contr1but10ns and the constants Aab': Bap and
bcab are evaluated by f1tt1ng the 1nteract10n energy between
btwo systems A and B calculated 1n the self-con51stent f1e1d
~(SCF) approxxmatlon to equatlon 2 3. 2 6 A dlsadvantage in.

a formulat1on of th1s type 1s thatreach atom palr a,b has a-f

set of constants (Aab' Béb, ab) assoc1ated w1th 1t. Many_
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such sets have to be evaluated for the interaction of large = .
‘“__““moleculesT*“This‘reducesmthe-oractical;applicabflityfofmthe—“hrr—%—%r'

scheme.

Inborder~to overcome this’drawbacE; an atom ini,a“"“~
- molecule is . a551gned to classes based on 1ts net atomlc- '
charge and molecular orb1tal valence state (HOVS) (31). The -~
R MOVS represent the one—center contrlbutlons ‘to the¢SCF B |
.energy and reflect the env1ronment of the atoms 1n-a
moletule. ‘ |
o -
"In, references (28 30), the 1nteract10n energy for.each"
‘of the twenty-51x amlno ac1ds w1th water have been -
v:calculated.. The water molecule was placed at d1fferent s
'pos1t10ns so as to descrlbe the 1nteract10n between the two
systems as. completely as pos51ble.> | | |
- The atoms 1n each am1no ac1d are a551gned to the1r '
.'classes and the constants (A, B, C) evaluated for the_
1nteract10ns of the atoms in each class w1th the’ hydrogen
‘and.oxygen_of water,‘_. '

2.4 METHOD OF CALCULATION -
In this thes1s, the potent1al energy functlon of
- M1n1cozzl and Bradley (26), modlfled at. the R4 and R6 terms'*
*was used to evaluate the 1nteractlon energy between two

systems ‘a and\B,, The expre551on used for the calculatlon of



. Q_0, . f.a 0, +f.a.0"°
TR e a,,"“*b"T-b—b Doy =
j.'..'-? aeA beB 3 b . o Rab R = r
o a a) ‘é ‘é 6 N _
W[( + ( ) Ry 2.4.1
L gb } a
R
... ab
-.»._crf
AEAé(kJ/mdle)' = "z-‘ ¢ "{0. 13894168 x 10 o o /R
S, ~a'eA b'eB . ‘
\'\ . v ) v
.\\ - 4 L
‘-o 69470838 x 10 (f a ob +f ubQ )/ ab
L 0.15160732 x :10-4 a /[(f o /n ) /z
ST BN baab - 2.4.2
' o lé' : 6 -g gb
‘+(f ab/n -]Rb +4184—1-2-}
: . = ' ab N

.

”fx; gx are parameters assoc1ated w1th class x, w1th the

summatlon ~now extend1ng over the classes.

The 1nteract10n energy between atoms belonglng to a

part1cu1ar class obta1ned from the expre551on of Clement1 etﬂ
'al (28 30) was equated to equat1on 2 4, 2. For values of thel_.i

_ﬁlnteratomlc separat1on, start1ng at 2 A with 1ncrements of

O;ZSfA,_the,1nteract10n energy'calculated»from equatron' '

2.3.2.6 was fitted‘to eqhationli.A;Z."The f‘factoriwasA;

‘assigned an initial value of 0.1 with increments of 0.1, and

thelbest‘fitlbetween_the'tho/expressions gives‘thefg and _'



:foreg01ng paragraphs."

R }

corresponding f factor (32 33) assoc1ated w1th the atom

35.

beionglng to—a partxcular class.

For the 1nteractions between an ion and atoms of a1 '

’certa1n class, the coeff1c1ents Aaby ab and. Cab as reported

’(28 30) are not va11d.' Th1s is ma1nly due to the fact that‘V

the type and magnltude of the 1nteract1ons 1nvolved are

dlfferent from that between two neutral molecules.

| Therefore, when -an’ 1on 1nteracts w1th an atom,:a new. set of-
‘f and g factors cons1stent w1th thls type of 1nteract10n

‘have to be evaluated.

Ab-1n1t1o calculatlons for the 1nteractlon of Na w1th

']ether, th1oether and amlde systems have been reported
‘ (34). 051ng the pa1r potent1a1 constants,' ab' Bab and Cab'

}reported for these 1nteractlons, atoms were a551gned to 3

v ’ -
addltlonal classes.‘ The £ and g factors correspond1ng to

‘ \
-the- new classes were calculated as descrlbed 1n the

N AN

Table 1 g1ves the class number and ‘a . brlef descr1pt1on

[y

of the env1ronment of the atom.‘ The f and g factors along

Tw1th the polar1sab111t1es and net charge are- glven 1n -f

-V'Table 2 ,d 'i :":-. ’ [' l‘;u‘ v»

SRR v ol

A maJor a1m of th1s research was the evaluat1on of
venergy grad1ents for 1ons such as’ L1+ Na , Kt and Ca2+

\ ! .

during thelr movement through transmembrane channels. As.

*Zsuch: 1t was necessary to calculate the corresponding

;?Barameters for the ions. mentxoned.

°.

‘e
O A SR
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IABLE 1 - ASSIGNMENT OF ADDITIONAL CLASSES TO ATOMS

ATOM

CLASS

DESCRIPTION OF ATOMIC ENVIRONMENT

38

a1

42

43 -

44
45
48

49

53
.56 ..

57

,';,f6H3) a§jacéht{to.C.__,_'N

N TR

~ adjacent to ~CH,=0__ L

fg :CH2, adjabent t0¢ether o

e

G of Co—on
amidé N.
" “ether O B

Q:Carb63ylic o .
S R

Z
'»CH3,r5dj6cent'tovCHél
'wJWCij‘ﬁdjacentitb'ahidé'N:-“

Clem,
| =CHy, adjacent to ether O

- =amino H

R e s G2 e
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TABLE 2 - PARAMETERS FOR THE NEW CLASSES: OF ATOMS

-

. ATOM - CLASS ~ NET . POLARIS- £ g (kcal 3
CHARGE  ABILITY . - .. ASmo1 ~%

a T Ay

Ve w38 | ~.584  3.20 ”» " 0.1 1492
41 . -a51 2,03 0.1 1093
Rt 422 1300 142, 1098 -
fN,r" | .43 ‘ "_—.32;'_*' 1;56f k 0.1 530
o .44 ‘-.405r 1,20 0.1, 656"
- 45 -.a06 . 18 0.1 655
H~',’. f.’&éil”, .203. ©.362 0 27.2 561
- 49 Coaas1 368 22.5 - 425
50 .194 . .365 ‘_»23;4‘ . 456
’f‘sjv .'_1195  - .3es  23.6 442,
se 70 376l 383
CS1 . .266 ;556 3206 625




The energies of the systems (X-X)"+, where x'='Li, Na,

38.

—K7—n—= —2‘—X—'—Ca——n =—4—~were—calculated—as“a—funct1on of

o

the 1nter1&h1 ;distances u31ng a standard-self-con51stentf

'que;» The. ba31s sets used ‘for- the alkali 1ons
2+

fleld t
iﬁwere those reported in the literature (35 36).  For Ca a
‘ba51s set was generated as. described below. The ba51s set
_for K+ (34) was scaled to the atomic charge of Calc1um.

Wlth this set as the 1n1t1al guess, ‘the 17s and llp

primitive ba31s functlons were optimised within the SCF -

approximation.

The method of ‘Huzinaga ‘et ‘al (37) was used to generate'

=

a'd polarisation functlon for the optimised primitive basis-

o S 1
- set. The energy of Ca2+ u51ng the (17s/11p/1d)* basis set_

(the asterix - * denotes the 1nc1u51on of the a function) was

iévaluated.“ As the 1nter?ction energy for the dicatﬂpnlc

'-system_wasrrequired, it was decided_to contract the . _
primitive basis set to a (95/6p)ld)*-basisftovreducefthe.
'computation 1nvolved._ | | |

v v Table 3 gives the ba51s set for Ca2+ and the energies

’;for the. different sets con51dered are listed in Table 4.
'The parantheses in column 5 of Table 3 show the order of.

contraction of the (17s/llp/1d)* ba81s.
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_TABLE. 3 - BASIS SET FOR Ca?”*
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FUNCTION - TYPE ORBITAL COEFFICIENT . CONTRACTED
NO. EXPONENT FUNCUTION NO.
1 s . 616081.40 - 0.0003989
2 s 91024.189 0.0031309 .
3 s . 19819.286  0.0168379 1
4 s . 5486.6766 0.0745908
5 s 1806.0119 - 0.2587144 |-
6 s 661.37163 - . 0.72177445 /. R
7 s © 263.,20103  0.38624719 | :
8 - s 113.46395 . 0.64339195 ) :
9 = s 50.064998 = 0.78925512 }
10 s ©21.006017. 0.23416483 .
11 s 9.441946 1,00 4
' 12 . s 4.2428535 1.0 5
o 13 s 1.6680995 1.0 6
14 s 0.990167 1.0 7
15 s 1 0.64233295 1.0 . 8
16 s 0.33077521 0.99741795 }‘ g
| L : 9
17 s~ .0.0408167 - 0.005200197 |
18 P 1635.0249 0.005112976 ) - .
19 T p 358,18464 0.042569083( ~ 10
20 ' p 108.,44291 0.22425999 o
21 p 38.424956  .0.80820775
22 p 15.249925  0.48396169 |
23 p -~  6.5276260 ' 0.56868506 J .
24 p - 2.9077000 1.0 12
25 - p 1.49626%0 1.0~ 13 .
26 . P 0.9307220, . 1.0 - . 14
27 - P 0.3547250 0,93?58945-} R
- L ‘,. '. o . . | ! ’ o . 15 . N
28 p .~ 0.1695930  '0.070519148 ) -
.29 a* 1.047 - 1.0 - 16
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TABLE 4 - BASIS SETS AND THEIR ENERGIES

BASIS SET R '.s‘ ENsssx'(a.u;).’ :
o\ '.‘ o L
(175/115)‘, I ;_' - ;676{151749 &
1(17s/ilp/1d)i* o L '—676.151753e"
"(Qs/ép/ld)*”. R 4676.133512 :

(contracted)

Hartree-Fock value (38) = —676.1544

4;Intefaétion energies’AE,;as a;funetion‘of,theidistence .

R, for'tnebdiéionic systems wete-defined as: -

- (R) -'_*2“+(R)Q_-,32“*(L) S e i

The contracted ba51s set was then used to calculate the

energy of Caz"'--Ca2+ for dlfferent 1nter10n1c dlstances."

o where L denotes a veryvlarge 1nter-aon1c dxstance, the value

- 'of whlch depends on the system under con51derat1on. .Thxs_' nA

deflnxtlon was used so as to reduce any basis set

-superposxtlon errors (39 40). : ' o o L

A\
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.
L T SRR R T . .
‘The interaction energies obtained from equation 2.4.3

jare'fitted to équatidﬁi2.4}2 and the qorresgéndingi

jpa;améters obtéinedffofvthe'best fit{r _ e
'ATéblé‘S_gives the ions and their corresponding. .

‘parameters.

A e

" TABLE 5 - f AND g FACTORS FOR. THE IONS .~~~ . .. = =

i L .
“ION - — - CLASS. . .- £ . gl o

Lit . .7 s 114 37

k¥ ~_ 60 . 1.0 1418

ca2* - ~_6 - . . 1.6 8644




! Y ‘ !
? iy
2.5  PROGRAMMING DETAILS |
’The'FORTRAN'program'used-fcr the eyaantion of the. {
31nteractlon energy of two systems (41) uses a. Steepest-bl
»Descent method for the m1n1mum energy search,

L
&+

2.5,1 STEEPEST-DESCENT METHOD -

'A steepestideSCent procedure of minimisation of a

".Vfunctlon F requ1res B f},'?,

- (i) - " the~ selectlon of a startlng point . xo

:;y(ii) V”evaluatlon of the gradlent vector G(O) of F at-xq

3

C(iii)_ m1n1mlslng the - functlon f = F(xo AGO), where x 1s'

l"a varlable steg.length correspondlng-to the

largest decrease 1n the value of the functlon.'

If the mlnlmum w1th1n the de51red level of convergence

~is_not obtalned, xo 1s_var1ed as: L
x0= Xo "AGO {/ .
" and the process repeated from step (2) above. fy

P P U G
. ENN - N . .

L S A S S T S
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In the‘case of large systems, specially biomolecules;

the potentlal energy contour: could be composed of multlple

minima. The result obtalned by a steepest descent technlque

V-could then correspond to a m1n1mum of the contour, whlch may

not be the global mrnlmum.,

S
o
e
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CHAPTER 3 - RESULTS OF THE CALCULATIONS

The 1ntrace11ular med1um of a neuron has a hlgher
concentratlon ‘of Kt compared to its exterlor, while Na are,
found in larger concentrations outs1de the cell. As
:dlscussed in Chapter 1 the transport of these 1ons through
'the Sodlum channel and the consequent changes 1n the ratlo/
of their 1ntracellular to extracellular concentratlons 1s
respon51ble for. the actlon potentlal.h Thrs actlon

' potentlal, propagated along. the nerve axon, is primarily

&
respons1ble for the release of the neurotransm1tters 1nto

" the synaptlc cleft. »Thus, the permeablllty of the Sodlum

a

channel to 1ons is 1mportant 1n understandlng the mechanlsms'

1

of nervous transm1551on.”5'
A -

As the structure of - the Sodlum channel is . st111 to bef

-~

"_eluc1dated, sultable models have to be used in order to
study. its>interactions with ionsu 'The choice of ‘the model

is based on the experlmental 1nformat1on avallable.n.It has‘

";been found (42) that ions having a dlameter larger than 5 &
%;hardly penetrate the'channeleand;'furthermore,“that.a,l’ |
1décrease'ln”the'pﬁ'signifitantly'reduceshtnedconductance ofp
‘the[ions through the ghannel; ne ‘atter obserbation
hsuggests that 1n 1tstactiVe form Qhe-Sodlumlchannel:has
negatlvely charged carboxylate groups. These groups’can
thenvbe-thought of‘as”an effectlve coordinatlonISphere which‘

facilitates the passage of”the‘catfbns.'f't“ o L
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Antibiotics synthesised by microorganisms make

membranes permeablé'to.Certain ions. The linear polypeptlde
Gram1c1d1n—A is an example of such a transmembrane
'ant1b1ot1c which spec1f1cally fac1l1tates the dlffusion.of'
monovalent cations (43—46).» It con51sts ‘of fifteen amino

acid res1dues arranged in the follow1ng sequence"'

HCO-L-Val-Gly-L-Ala-D-Leu-L-Ala-D-Val-L-Val-D-Val-L-Trp-

D—LeuWLfTrp-D—Leu-L-TrpQDéLeu—LjTrpQNHC82CH20Hf

The transmembrane 1onophore is a d1mer of - Gram1c1d1n-A and’.
.;‘forms ‘a channel through whlch the 1ons can dlffuse (47 51) N
. Four models were postulated for the structures of the
dlner. Urrj et al” (50 53) suggested the N termlnal to N-'
term1nal structure while the C-termlnal to C—termlnal model
‘was preferred by Bradley et al (54). -An antl—parallel
‘ifdouble hellx structure (55) based on conformatlonal studlesge’

.on Gram1c1d1n—A in non-polar organlc solvents (56) and a

hparallel 8 double hellx w1th both N—term1n1 at one. end have!f"

'1also been proposed Nuclear magnetlc resonance stud1es on

the. Gram1c1d1n-A dlmer in phosphat1dylchol1ne ve51cles (57)

:shows a. strong N-term1na1 to:N—termlnal b1nd1ng favourlng

vthe f1rst model as' the major confornatlon of thls -

: L

, transmembrand’antxblotlc. Further stud1es (58) showed that;
'the carbonyl groups of the dxmer are dlrected towards the

channel ax1s and the d1ameter of the channel is about 4 A 1n‘

- . . - . . ) . el
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the absence of ion occupancy. ' Thus, ‘the polypeptide and

_““—_structuraTrnature_of—the‘GramTcidihiA~dimer—makes.it a——

"'3.1 GENERATION OF A STRUCTURE FOR THE GRAMICIDIN-A DIMER

Values Eor the dxhedral angles,'except for that about the

”-allow for a —NH CHZ'CHZ'OH end group. Therefore, for °

']frnto three consecut1ve segments ‘of flve re51dues each.

sultable model for studylng the Sodlum channel.v

-

- The results presented in this chapter were obta1ned by

the app11cat10n of the method descrlbed 1n sectlon 2.4 to

_the 1nteract1on of ions and’ molecules w1th a. theoretlcally

generated structure for the dimer.
d
\'\ s

v

Two methods were used to obtaln the atomlc coordlnates

,of theﬂlonophore.. The method of Scheraga ‘et al. outllned 15 L

section 2. 3 1 was used 1n both caSetho.calculate.the’g

conflguratlon of the polypeptlde sequence._'
- The computer program based on - thls method*(59) does ‘not 4

| ﬁ(J”E

computat1ona1 purposes, thls ent1ty was replacedvbyp‘

~NH ¢ CH3.' The f1rst method,vreferred'to as the ;segmented'

S : S o ) |

>fapproach' is descrlbed below.'7'47~'e" e

Y

The flftEen ‘amino ac1d polypeptlde‘chain waS'divided

’.peptfde bond,gfor each of the amldo ac1ds were taken from7.*f'4

dthe literature (60-61).f The energy of each segment was

'calculated as a function of the d1heral angles between each

P

’ palraof,amlno a01ds.. For each calculat1on, these angles ;'ﬁ

e

P



were . varled, in turn, by 1ncrements of 7 5° Us1ng thlS

47.

strategy, the conformat1on of each segment correspondlng to

- its lowest energy was determined.

- In order to obtaln the geometry of the entlre molecule,
the optlmlsed segments were 11nked sequentlally. The
energetlcally favourable or1entat1onoof the 11nkage between

the palrs of segments was dec1ded by cal ulat1ng the energy

o

~of the 11nked segment as a functlon of the new d1hedral

'5app11cat10n.

Ly

- structure for Gram1c1d1n-A. Three hellces were chosen (62).f

]

-angle formed durlng the 301n1ng of the segments. hThe

structure of the Gram1c1d1n-A molecule, obtalned u51ng the

above strategy,'was plotted oh a Tektronlx T- 4015 termlnal

"adapted w1th a hard copler. The plot obtalned was that of a
’globular proteég and not ‘a channel, 1nd1cat1ng that the

strategy descrlbed above was a fallure 1n thls particular -

"In the second method, d1hedral angles for the backbone }

-

'ﬁof polypept1de hellces were used to generate a p0551b1e ’

‘namely (1) the L—D Alan1ne helix, (ii) the. L—D Va11ne hellx"»

_and (111) a hypothet1cal he11x in wh1ch the L—D Ala hel1cal

angles were used for the Gly and Ala re51dues, the L-D Val

_angles for Leu and val resxdues and the L—D Phe angles for'

'-the Trp re51dues. The side chaln d1hedral angles were not

_dof the he11ces descrxbed above.- Table 6 glves the energy

.optlmlsed durlng the calculatlon of the conformatlon of each

correspondlng to each conformatlon.
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————Table~ 6—“——CHOICE OF~HELIXFOR~THE-~ BACKBONE—OF - GRAMICIDIN-A—Q———f
N ~ AND THE CORRESPONDING ENERGY.d o "'r.' - |
. _CHOICE OF HELIX R ENERGY (kJ/mole) |
, . oo TR TR
“L—Dihia‘,"':ﬂ‘3 o ~_;Auh_ 8616': ‘
LD Vall. “..‘ e o 23390 oy
L-D Ala + L-D Val + L-D Phe ::, \5 very large o

K As the.energy calculated for the conformatlon generated.ed
w1th the. flrst cho1ce of angles was the lowest, th1s l’;'; h.tfr
structure for Gram1c1d1n—A was used for all the calculatlons

- reported in thls the51s. i
Flgures 1 and 2 are the 51de and front v1ews of the
Gram1c1d1n—A molecules.»\In the second picture the carbonyl
and am1no grodps of the peptlde bond 901nt towards the ax1s
of(the;channel., ‘ ‘ \ |

'”The;diner of GraﬁicidinQA, thch uasjused‘asAa mOdei"ﬁ v
for the Sod1um channel, 1s formed from two such monomers, |
The d1stance, between the N term1n1 of these m01et1es wh1ch
face each other, was, var1ed unt11 a- m1n1mum 1n the energy of‘
1nteract10n between the monomers was. obtained. At th1sA'v |

| po1nt, the second molecule was-rotated-about the'channeih

: B o
- - T
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FIGURE 1 - SIDE VIEW OF THE GRAMICIDIN-A MOLECULE.
. k . . _" N i ) ’ : . ' ’ . r,v . '-v N .i Ov’.‘ “ ) -
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R L : : e
' FIGURE 2 - FRONT VIEW OF THE GRAMICIDIN-A MOLECULE. -

*
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axis relative to the first. The angle at which a minimum'

interaction energy was obtainedeas taken as that which best

described the position of : the second molecule 1n the
Aidimer. ‘The distance between the N term1n1 of the monomers'
was calculated to be 2.5 A, which makes the overall length

of the dimer 29v5 A ThlS value 1s,in excellent agreement’

w1th the experimentally observed value of 30 A when embedded o

in a membrane (63) and 32 A when in methanol or . ethanol
(64). The angle of rotation of the second monomer relative
 to the first ‘was. O° ‘and the energy of 1nteraction between )

'the monomers was calculated to be -126 66 kJ/mole.
/

s

" entire ionophore.

13 2 IONIC MOVEMBNT THROUGH THE PORE OF THE TRANSMEMBRANE
'“, CHANNEL o '_"[ o
" At present, thefGramicidin—A dimer'iS'the only -

structurally characterised ion selectlve transmembrane

channel._ It 1s permeable to monovalent cations but does not"

'ballow the passage of . dications or anions (46).' Conductance

'measurements for the transport of some of the monovalent -
cations (65) gave €55 follow1ng order for. their permeability

'ratios (given in’ parenthesis) with respect to Na*

8

i

| Figures 3'and 4-show-theg1atera1 and front,v1ews‘o£‘thef’

v
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FIGURE 3 - LATERAL VIEW OF THE GRAMICIDIN-A DIMER. -
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"' .FIGURE 4 - FRONT VIEW OF THE GRAMIGIDIN-AZBIMER.
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HY (150).> NHg* (8.9) > CS+ (5.8) > Rb+ (5.5) > K* (3.9)

wd

~_11 OL___L1+ (. 33) ' N

"As the d1ameter of the channel is about 4 A, a‘fuliy
hydrated ion w1lw not be able to pass through ‘Thus, it is.
a partlally hydrated 1on that moves through the pore w1th
1ts vacant hydratlon 31tes d1rectly coordxnated by the
peptlde moletles, namely the carbonyl grups, of the
ionophore; Effectlve coordlnatlon may requ1re conformatlon
'changes in the polypeptlde and thls mechanlsm is known as‘
.11brat10na1 motlon (66). A conseqpence of pept1de 11brat10n

1s a change 1n the length and dlameter of ; the channel. "AS :
., R o B N )

. Athe coordlnatlng group in the peptlde 1s the carbonyl

chromOphore, the negatlve charge on the carbonyl oxygen R
makes the channel selectlve for catlons over anlons._

It has been proposed (58) that the prox1m1ty of the

surroundlng 11p1d is an essent1al factor 1n exp1a1n1ng the‘ '
illmpermeablllty oﬁ the channel to dlcatlons. The 51ngle
‘:coordlnatlon layer prov1ded by the peptlde m01et1es in the.
rbackbone of the Gram1c1d1n-A d1mer 1s not suff1c1ent to‘d

.'shleld the'dlvalent_catlon from the 1;p;d;around:the. ;d
channel. | ‘f” S “‘vvcn,' e |

The select1v1ty among the monovalent catlons can be'

I

;5 exp1a1 ed on the” basls of the1r 1on1c rad11.' In Table 7

the lonlc rad11 for the catlons studledﬁare llsted.

S "‘.' . . . X »,’/

—— ,,



Table 7 -IONIC RADII |

-

‘ ) ‘ R W ) . .
ToN .. RADIUS (A)
cat oo s o9

'5‘The transport of the smaller 1ons (e g.,iL1+) will re&hlre‘
,greater coordlnatlon by the carbonyl groups and thej ”
'energetlcs of the assoc1ated.changes 1n the conformatlon of'
.the polypeptlde w1ll make the process less favourable.

‘Hence the low: permeab111ty rat1o for L1

| The free @nergy proflle for the transport “of. Na M

':da'through the malonyl gramlcldln channel has been determlned

dus1ng Sod1um—23 NMR (67 69). .Two»blndlng 51tes, one_ in. eachl.,"
Amonomer, separated by a dlstance of 20 A and a central
energy barrler between these SLtes Were observed. Clearly,;

the value of thls central energy barrrer wlll bear a. d1rectf*'

" Aqux” . o ' -
relat1onsh1p to the ease of pass S of the ‘ion through the

"1onophore, the larger the value, the more dlfflcult-lt wlllif
N

.

be for the 1on to move through the channel._ Extendlng thlsyq;

‘“4argument, the energy barr1er for the d1cat1ons should be
:.::_ ‘ : S
much.larger-than that,for thenalkalelohs.; “

S .
P



2.4 the movement of an 1on X (x -‘L1

051ng the method of calculatlon descrlbedd

l,
, k¥, Cazf)

1h sectlon

through the mod1f1ed Gram1c1d1n—A dlmer was studied.

_new-classes, for the 1nteract10n of atoms w1th 1ons (Table ,

2),-and~the correspondlng parameters webe used for those
'atoms comprlslng the backbone of the polypeptlde chaln..

For each of the 1ons stud1ed

~

the energy proflle was

con51stent w1th the experlmentally observed two-51te blndlng

theory w1th a eentral ene gy barrler.

L.

v

I'n Table 8,

the dlstance d (1n A) sepénatxng the b1nd1ng 51tes are

glven. It must be empha51sed that 1n all the calculatlonsn

o

'and results descrlbed 1n thls chapter,

( .

mechanlsm of the- polypeptlde cha1n has not been 1ncluded.»

Table &

the ceﬁtkal~energy barrler E

the 11bratlona1

AT

(kJ/mole) and

E AND d.FOR TRANSPORT THROUGH THE GRAMICIDIN A
DIMER )
1N Ey (kJ/mole) a(a)
_ Li* 218 * 14 -
.y ..:_,' o N R o ER O
; : 121 . ’l§ _
209 12
13

318

tow

t”-
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o

' Based on' the values of Ec, the caltulated order of

permeability for the ions was: S ‘ R
o S gﬁ;. . L A
_ Nat > Kfsirli} éfCéZ+-.:__‘ o S

w'nwh1ch 1s not con51stent wlth the experlmental observatlons

'lgiven'aDOVe.b Besldes, tﬂls model For the 1onophore allows

S C?2+ to. move: through the channel when in fatt 1t 15 founi tc*

“be a. channel pélson blocklng 1t, Just 1n51de the ‘opening.

R ‘

'75Flgures 5 6 7 and 8 show the path"taken :by. L1 Na*,‘ﬂg

vy o o .
vk oy . ) i o

N .,Q""‘

K c‘
k3

.”$1mu1ating the'l1p1ﬁ bllayer; ronly the polar - ;5,

In1t1allyi

i , o
'..‘head group of ‘the. 11p1d molecule was c&h51dered Fong;c

aC1d was chosen for thls purposelﬁnd 1ts geometry obtalned

R

\from X Yay data (50).‘ f}., _ ;!“ﬁ;jf i,, . ‘5' ' S o : jff

¢

T

.|4 e - ,' . . .
e . o

1]7' Twelve molecules of formlc ac1d were placed, one at-a e

D -

'mouth of a Gram1c1d1n—A molecule.:-The

I

;"fthe fofmlc ac1d mo}efules are sﬁown for clar}ty. The dlmer -
N ‘_‘.‘9-" >:./ . B ,‘ . ’,-':'
of the modlfled channel ‘was obtalned 1n theysame manner as . flyf;
3 " '.'_\: 1-53 - ¢ ) : s . o - | ‘.,«," h o
for‘th@ Gram1c1d1nrA dlmer., The.energy;of 1ntéFactloh-uﬁv
, ¥ . L : E N : o s

l'q ) : . v . . N .
(& .. . . o
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. between the‘monomerSVVas -127 16 kl/mole. The lateral and

._front v1ews of the entire- modxfled dlmer are shown in

.

'modified channel, it was necessary'to”reassign the atoms in -

10, .

'juSt 1ns1de the pore of the mod1f1ed channel ahdf

£1gures 11 and 12, respectlvely.‘_r. \

“In order to study the trahSport of ions.through theﬁ

. the ac1d molecules closer to the mouth of the channel to the

‘new.classes. This was done 1n onder to take the 1on1c

9

nature of . the 1nteract10ns 1nto accout. The molecules whose o

atoms were reasslgned are 1nd1cated by an asterlx 1n flgure

. o+ )

'Each of the ions, ‘Na* _Kf-and'Cazf were placed -

i ‘A‘;

e R L
z;find thelrupaths of minimum- energy., In»each -case ghe'lons¢

~‘dere pushed Gut of the channel.‘ Thls showed theiexistencev

» y oo

of a 9051t1ve energy grad1ent wh1ch the 1ons could”notﬁ: ';

‘v

- o
overcome and the 1nadequacy of the formlc ac1d molecules in

. .

Y ‘\\» .
A further reflnement was carrled out by plac1ng four

':.descr1b1ng the l1p1d bllayer.? ai3f~- Telw

u

"molecules of octane per mod1f1ed monomer,-under the network

[RE—— . _,<’

.

»of ac1d molecules so as. to s1mulate a’ 11p1d env1ronment

S

'oaround the polypeptide chaln.: The re@ult for a monomer 1s-: :

*ﬁsnoﬁn in flgure 13, “F1gure 14 shows the'pore of the monomer '

vy "
K '."‘.

in the reflned mode1.~

[ o]
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’,'

FIGURE 11. - LATERAL VIEW OF THE GRAMICIDIN-A DIMER WITH.® '

 THE SURROUNDING MOLECULES OF/ FORMIC ACID.

2
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" FIGURE 12, - FRONT VIEW OF THE GRAMICIDIN-A DIMER WITH THE

ey

' SURROUNDING MOLECULES OF FORMIC ACIR.

L.
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FIGURE 13 - SIDE VIEW OF THE REFINED MODEL OF A -

‘.. GRAMICIDIN-A MONOMER.

©
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" FIGURE 14 - THE PORE OF THE REFINED MODEL FOR Gmx’cib‘ik:téi RO
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As proposed by:Urry et al. (71), -a compre881ng ‘of the

_“___lipld_laye:_at the_SLte“oi_the transmembrane ch;nnel was

'1no1uded by mov1ng_the ent;re simulated llpld envlronment
(}.e.,,formic acid end}octane molecules) by afdistance of
1.5 A, This value of. l S A was chosen arbltrarxly..-v”

The dimer of two such molecules was then con51deted to .
tepresent the transmembrane channel, embedded in a 11p1d
bllayer.- The inter ctlon energy betweeh the halves was

"evaluated us1ng the same strategy for d1mer15at1on Rs in the‘ﬁh'
_ p:ev1oqg caSes. The valueﬁ%f the 1nter;ot10n energy
‘fl?bteined was -145 67 kJ/mole. Flgures 15 and . 16 show thevl

. side and . front views of the channel. .ﬂn; ;h ;f;,h_

" The ions under con%iderat1on were fllowed to move in’
f}vi

'the 1onophore.under the potentlal created bytthe dLmer..

R w

- Table 9 glves the central energy barrlefs (E ) and the R
:dlstances (4d). between the tyo b1nd1ng sxtes.J '
Table 9 . E_. AND d FOR TRANSPORT THROUGH THE REFINED MODEL =
S e R e
TR 2L o268 o 12,
S oNat SN T PR R § |
R S G 7
k¥ S o 213200 -
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' FIGURE 15 - -SIDE VI
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;" 'FIGUPE 16 - FRONT VIEW OF THE RCFINED CHANNEL.
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The predlcted order of permeablllty is K+ > Nat > Lit o
‘>>> Ca2+ 1n excellent agreement w1th experlment. The . "”; R
’"channel p01son1ng nature of Ci2+ 1s amply 1llustrated by the | nha
very’ h1gh energy of 1nteract102y( 29 'S 106 kJ/mole) at a - :
jd1stancngf about 1.5 A from%?he pore, 1n51de the channel.. h 1’,“§'
:’-Flgures 17 18 and 19 show the path of Lit Na+ and kY 1'.j .»p;
vthrough the poretof }he reflned model for the‘transmembrane T
‘channel. ;s o _j”«': .'ﬂi EE o : -T “mf' ﬁt | o
.T-Thetjkﬁ;lbrefinement>tovthe(model consistedtof‘h'l: f.-i‘ 1#‘
‘_includlng a cha1n of.water molecules in the pore,‘as
5 ) _ :
‘\observed by Flnkelsteln (72).‘ Slx molecules of waeer, three-%lﬁfg““
f,1n each monomer, were arranged one at a t1me 1n the pore of : ;? ?ﬂ .
f_'lthe channel. The rlrst water molec:le uas placed Just : 8 ﬁ%
out51de the mouth of the channel at the pbs1tlon wh1ch gave ‘v’]ffJf,"
the lowest energy oF 1nteract10n._ The ‘sama cr1ter1on was: F:ﬁfgfffi'
, S e R Y
.-used 1m_arranglng the%oghers, the s1xthvmolecule being Just#_Liif;;f'
Vyoutside the other end ;f the channel.,' e t”fh;{':“”(%i,f””&:?:
..,'pAspin the prev1ousccases,‘the movement of the ions
IR : -l RS
4”through the solvated pore‘uas determlned and the centra;
”henergy Barr1ers (E ).and dlstance of separatlon (d;*of the ';J
-:;b1nd;ng,sxtes,eva1uated,‘ The correspondlng values are T Q‘Q'jfgg
e AT , - A : S L
-_11i£€éa”iﬁ Tablealo.. B frf. ';g _; "_ﬁ . ;f»ig:‘ L N
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.FIGURE 19 - FRONT .AND:LATERAL 'Vi#w ‘OF THE, RATH OF K* % - o
-+ " “THROYGH THE PORE OF THE REFINED. MOD S
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IR The ‘channel. b@lsohing nature of - Caz*‘

“‘%hls‘quel. @%he 1mprovenent tq!the ;%hel by 1nc1ud1hb‘wa£ért}‘; f
; \"M* --, . .
e_/cqngprmation»for the polypeptlde chaln and~51mulated 11p1d ,&>,3“J _
‘and- hydratlo;‘env1ronment, the pota551um 1on does noi\pass' ﬁﬁy-' Jjui
thron;h the nore:; Thls observatlon is an éndlcatlon of*the : h-§ﬁ : ‘]
~;\1mportane; of peptlde ilbratlon 1n‘10n1e transpott.” Koeppe ';7;';1? f{f
et a1.4%73) have repofted that the b1nd1ng of K+ to~the | ;N {

‘f_channel wldf/; the" channel dlameter to 6 8 A whmle ,ﬁ'g;j‘“:"_fffﬂ"*

-:qu ‘.‘.A P

‘ﬂ:shortenlng 1ts length from‘32»A to 26 A f_h_ S ." ]f-; -7
fh};‘ The results presented in thls sectlon 1llustrate the;j
E-lmptovements to the model of the transmembrane channel | ;
:accordlng to the1r man1festat1ons .on-. the transport  n_':‘a_;h:f¢f’;u;.
’ . o

;Qanaweters Eé.and,d. W1th each stage of 1mprovement, the =~ . .

. . . te v




N . o8 .‘#

adreEment'between the calculated and'experimedﬂ

+ . .

permeabxllty Qrends wa= aettvr ’\However, thetdiStanceQ‘

a
-

~; :wvseparatlng the, blndlng S1Ses was not comparable wlth the
= ‘experzment;i value of ZO,A obtalned for Na®t (67~69).

.3 . o ,

| ¢ The sp1ra1 “nature of thg movement of the ions when

g vxewed along the channel axgs (Flgures 5-% 17 lg),.lndlcate_f‘
T ‘fthat.the 1ons coordlnaﬁe wlth the carbonyl\groups duglng |
S ;transpo;z;- Ihls ooSef;;%aon shows that pept1de lfbrqsgon
oo Lo | oy ;é" O

e

{n the'preceeornggsectlon, a model for the\
‘; ; transmembtane channel:embedded in a llpld was* reflneo in,
| ¢stages and the transbort propertles of certa1n ions through
~ .
S the pore:of th;s channgl studled( As dlscussed ‘in sect1on-

.h “3 2, the last ref1nement whxch 1nc1uded a chaln of water
R e

profn@eglﬁor the movement of;these 1ons.J»It is - thls f1nal

R ) "

';imodel wh1ch is used to study 1nteract1?ns between the o 7"_{€37

/

fchannel and certaln molecules of blOlOglCal 1nterest._
R P e
.;af' - The 1mportance‘of'1on1c-transport in: Ln1t1atrng the
s ‘.'actlon potentlals has been dlscussed 1n the flrst chap br of
| thls the51s.“ Interference.W1th the transport of an 1on

faffects 1ts concentratlon ratlo w1th1n and Outs1de the-”
- , _ o ) _._..-~'_"- A \

Y

_:mole ures through the pore,.best descrlbed the energy “_ :f - ff;



& cell Th1s has a dlrect 1nf1uence on the actlon pot&nt1a1

W pN .

-———*wh1ch~1n—turn effects—the—reiease— fnneurotransmxttersmiﬂto

.1‘ ¥

the synaptlc cleft. Thus,'a molecule wh1ch h1nders the
B . .
passage of ioris® through the pore by blockxng the channel

. w111 1nh1b1t nervous tr%nsmxss1on. That 159 a neurotox1n
N . . 4 .

\

o can Be thouﬁ?t of‘as a molecule‘whlch, beinéf%lfohgiY' . ¢

attached ‘to the mouth of the chann;l effectlvely blocks the

5
. £

.;'pofe restrlctlng the m1grat10n of 1ons through thell

S Cs ":-,‘*3"-_ S e R .7 'wwf'*_“' ' S
[jtransmembnan“. o '-'H _ Lo ooy T 35;"

Cw v "——‘ , ‘ '147 PEE
] “ﬁ on-the‘ob é?rhand,\a molecule %aich 1%§fr%&ts weakly

,¢:; w1th the ohannei would have,a temporary 1nh1b1tog¥ effect on

%

the release of”nEurotransmltters. Thus, the 1nteract1on '@;*'
5 L : "

between molecules wh1ch 1nduce general anesthe51a and the

s 4 ‘&"»J‘m .

R

channel pore can be con51dered'to be weak. In addutlon,_the _l'_ﬁﬁ

’blocklng of the channel pore by such moleculégbneeds noty\

g+ 3.3.1° “TOXICITY OF TEJRODOTOXIN AND SAXTTOXIN

i S P . Ry

e . AN - v : - : s B . . , [

JLhave»beén k"Q”ﬂ?thQfOCk khe*con?uctipn{gf ne?ve 'i\f;'fx 1.¢

1mpulses alongwan axon. R *'"»«_.-ﬁf

B
N

-5 . . - - Lt . .- . o . v . - L

interrupt comp1éBiy tne omic erandpore. \
. . 4. LI . - ‘ L. o . \ .

: < . . R - .“". . . “ ..
The marlne tox1ns, tetrodotox1n and sax1tox1n (Flgure T
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FIGURE 20

.

The1r tox1c nature has been related to the very strong

y Bl

b1nd1ng to the Sod1um channel and the common étructural

‘.ent1tx, the guan1d1n1um ion, assoc1ated w1th thrs channel

blocklng character (42 74).. Thls hypothg51s ;gsumes that

the guan1d1n1um 1on behaves'11ke Na 1n 1ts 1ngeract10ns e

’ o

a;w1th“£f pore but 1ts-penebrat1on of the cnapnel 1nh1b1ted

(I [ . PR

by the bulky strucgpre.of the.res@ of the toxln.gtr\'ﬁff?f;l;f'f

9° Y \/ ‘

Before studyfng the 1nteract10ns of-the toxlns w1€h the

w

S fel . 3’»..':-' : . \
model for the Sodluﬁ'ehanhel, 1t was dee;deﬂ?@%ylnvestlgate
" ‘ ¥

;,,,
the 1nteract1ons of the guan1d1n1um entxty w1th the channel

) -
.

pore.- An optlmlsed structuge for the guan1d1n1um 1on_5n'

A g
obtalned from a self 2f§s1stent f1e1d

. -
Y

3lG basxs set (75) was used to calculate the interactlon

energy between\the solvated channel and the guan1d1n1um T

Loe T . . . . . : : .
y . Loe Bt ) Sue T N

calculatlon u51ng a 6-;r

AN
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R

Tf;;“__ 550 88 kJ/mole—and therpos1t1oﬁ—of—the—1on‘waS“found E"be

Jﬁﬁ

»

P

K B . PR
. T T YRS

:sax1tox1n calculated from standardﬁ

; ;;J_1nteract10n energy ?wr tetrodotox1n and sax1t021n w%th the :

.:7j‘

I
m ..-'v '

';4,

aegment. The loweét 1nterac 1on energy obtalned was

i .

1.; "
1ns1de the layer of formlc ac1d molecdfe? andwiysg out51de
the mouth of the‘ am1c1din-A pore aiiéiiwn”1n flgure 21$ .”.;H.:'
—When v1ew d anng the‘chagnel §x1s,uthe guan1d1n1um;1on'wa2v VMu .
fdund to block theléoéki'ﬁigurél223:. The larg% ﬁn@eéaetlon” N i.j
A SR AE I "a’ -

epgrgy in thlsycase:1llustrate§hth% Qgselble ;mpllcat1ons of fﬁfléwf

Sy Y ot Yy et g P T
: % “ o
sucp‘ln ‘f%}%he tox101ty og th@ mandne t@x1n§ as 93”i”d;-g -
LN . g [ DR ¥ R
B i ) '.":‘." ) - E"'q- - ¢: h :,-‘ IA " - Nl» -
discu AR -‘}s'f.ﬂ’ 1.1 . TN
R A v : _,}_...,.. > éyq R . --7.*
rodotoxln and saxlt xfh molecules were treatg

'.v.lwa , u.rz

,the former molecule,”

L S
3geometr1es. wThe , el
A I S et

e g ‘
pore 3? the xeflned Gram1c1dln-A dlmer model was . evaluated

‘-q

to be -441, 14 kJ/mole and -323 57 kJ/lee.:.VgFlgures 23, '2_4_._’_;

and 25, 26 g1ve thF lateral and front views for the
N

1nteract1ons of tetrodotoxln and sax1tox1n w1th the mouth df S
. . .- R N S N ) o . .z B ’

i . - B . 1 .
- e N . L . .y -
- - e EY Lo ; 't )

~

RS the porel respectlvely. ;’;_qkj S AT 5v‘;u-y,~;;c¢u RS

o

IS

: each tox1n w@ih the channelfis comparable w1th the

Fro flgﬁres 24 and 26 1t 1s clear that 1n both tox1ns

) R R
1t 1s the guan1d1n1um entlty that preferentlally 1nteracts -

R

w1th the channel, blocklng the transport of 1ons“*“Thls

observatlon is 1n good agreement w1th the hypothe?ls

proposed by Hllle (74)., Also the 1nteract1on energles for

energet1cs;of'bond format1on~as llsted 1n Table 11. o
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or THE CHANNEL.QJs‘
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_FIGURE 22 - CHANNEL BLOCKING CHARACTERISTIC OF THE

. " GUANIDINTUM TON.
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FIGURE 23 - LATERAL VIEW. oF THE. INTERACTION OF e T

TETPODOTOXIN WITH THE CHANNEL. o
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' FIGURE 24 - FRONT VIEW OF THE INTERACTION OF ...~ .. - = 7 ‘.

_: .TETRODOTOXIN WITH THE CHANNEL. -~ ~ . -« " . . o
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. “FIGURE 25 - SIDE VIEW OF THE-INTERACTION OF SAXITOXIN . ' ' . . - .
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'FIGURE 26 -FRONT ,VIEW OF THE INTERAC
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'« WITH THE CHANNEL.
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TABLE 11 ENERGIES FOR' CERTAIN BONDS ' .

o | | R
Sy i % BOND ENERGY (77) (kJ) ¢
:.. ) ‘f ' . : T t, . H
) L T . : ;

Co .{’ e, = -
.1.)'{ . 9

. - G qd‘ 314.‘0", @ :
. v B :ﬁ‘ _ ._[;' . - n " :
BT P . 435,0% ‘ ' -
S i A . S § TR i
S . TR, S
VRN . hn T
Ly J ’ .

PR N .’ - /\ " X . o ' ‘ '.q b o St
SR . Compérlng the'values,obtalqed for the 1nteratt10n«.";¢ Ve
R @ . R B I T :

P & y ) : v : T
‘;f,wg‘enquy oﬁ the toxlms w1th the bond energles llsted aboue,. "
! R u 1 » '» : e ‘.',:'7 L

j'the 1nteraét10n,of these toxlns wrth the pore of . the model BN S

Voot ’-w? “’ L s \w

for the SOdlum channel can ce}talnly be c1a551fled as, :°jj$fﬁj_y§ruﬁv

.

strong,‘thus i ';l>'at1ng,the tox1c naturg of tﬁe two merlne

';5' 1nterfere reveﬂ31bly w1th the condbctance propertmes of the“ﬁ-

JE S, e A

"73 sddrum channel 1nduceﬂanestﬁesia. ﬂhe f%terferenc&-could be‘ i?'t;

."". K .‘2 . N

- du%eﬁo a‘part1al~or complet? blocklng of the Godﬁum "’ s :: E
\;chanqeiw Moreover, tﬁe }?tfrect;on energ; accompany1ég )
J' a’ channel Llock WO 11d- be-exéected to be 1n the therm31 range'_

." . and can be eompensated by moleculeflco}lﬁsldns and . A f ; : -

. conformatlonal ebanges in the systems egncerqed?:;; .ff‘ ﬁfgffv

B . . T et Ty e . .. E v . Lo
B AU P S T oAt e R : S e
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<. Diethyl ether 1s a common anesthetxc and the above

hypothesxs for a mechanzsm of anesthe51a was studxed by

_'evaluatlng the 1nteractlon energy between the ether and the

‘\9.

channel pbre. The coordlnates of - the ether were obtalned

from x-ray crystallographlc stud1es (78). .The 1nteractlon

J

»energy of interest ‘was obtalned as-in- the prqv1ous cases -

2

_1 e., by Spec1fy1ng varlous pos1txons for the ether molecule

relat1ve to the channel. "The lowest energy of 1nteractlon

have many molecules .of water 1n the v1c1n1ty of the mouth of

Y
calculated was -78 00 kJ/mole and the p051txon of the ether

molecule 1s as shown 1n flgure 27. The view along the
|3

a”channel axis (figure 28) shows the partlal blocking of the

channel by dlethy@ ether.

: The b10chem1ca1 env1ronment of . the Sodlum channel would_

the pore. The 1ncom1ng ether molecule has to compete w1th

these water molecules in order to.effectlvely block the

‘channel;» If the interaction of a molﬂcule of ether‘with the

ey
mouth " of the channel 1s more favourable than the

corresponding 1nteract1on of a molecule of water,'when

placed at the same p051t1on as the ether, the water w111 be

DR

‘dxsplaced by " the ether.

The 1nteract10n energy‘/or a water molecule w1th the

' pore, at the same p051t10n that glves the best energy of

< y

;

1nteractlon for the ether,‘was evaluated to.be -69.53

°

kJ/mole. ThlS result shows that a molecule of . ether has a.

p preferred:lnteractlon with the channel.than,a water'molecule ':
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.
FIGURE. 27 - INTERACTION OF DIETHYL ETHER WITH THE

CHANNEL PORE.



. 87.

SR

~ FIGURE 28 - PART;AL'BLOCKING_QF’THE'PORE,BY THE°ETHEﬁV__ B
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“at that position.~ In other-words,‘diethyl ether can -
dxsplace water for effect1ve 1nteract10n w1th the mouth of
»the pore.- Be51des, ‘the values for .the 1nteract10n energxes
are. in the thermal range ‘which 1nd1cates that such
interactions are reversible - a requ1site-for,a'postulated
mechan1sm of anesthes1a.. | o : o

| - Another approach in out11n1ng a mechanxsm of general
hanesthesia is to con51der the poss1b1e interactlons in the<-“
;synaptlc cleft;' Extracellular Na water and, dur1ng ‘nerve
' 1mpulse, a thh concentrat1on of neurotransm1tter would be'
some of the spec1es found in the synaptlc cleft.,' T
Interference wlth the conductlon of the : nerve 1mpulsev
1mp11es that the neurotransm1tter 1s not ava1lable in’ 1ts
Vfree form to depolar1se the post synaptlc membrane.‘ If the
1molecules of ether have a preferred 1nteract1on w1th the"
.neurotransm1tter than w1th water or the extracellular Sod1um ;i
_1ons, it can- be postulated that such 1nteractions in the |
’.synapt1o>cleft may be respon51ble, in addltlon to the Q.“
)channel blocklng property, for the 1nducement of anesthe51a."
Thls hypothes1s was tested by evaluating the energ1es‘
,iof 1nteract1on of a Sodlum 1on, water and acetylchol1ne w1th?-
a cluster of ether molecules.- In each case, an ether o
;molecule was’ allowed to 1nteract w1th the other system
(1.e., Na water or acetylchol1ne) untll the best value for,’

‘the energy m1n1mum was obtalned in the steepest descent

:procedure,p Add1t10nal ether molecules were clustered around::"

S



-

-

the 1nit1al supersystem-anﬁ the energy of xnteraction for
each new molecule evaluated.

-

Table 12 g1ves these ‘values (ln kJ/mole) for the .
-1nteractlon of five molecules of diethyl ether, one at a
thme, w1th Na aCetylchollne\gnq water," '

~
TABLEZIZ INTERACT{?N ENERGIES (kJ/mole) OF Na

ACETYLCHOLINE AND WATER WITH DIBTHYL ET&ER.

ot . e

. “5.
A

| " S - < o j- .
SPECIES Na* “ACETYLCH'&)LIN'E: . WATER
ETHER | e,
1 oase B t
'2_."_ . -1025 ,'-106'4 R
3 _33i -1437 '
| .4{ ‘.>  ‘ '.h—4557Aﬂn lz o _843 .r:

.’Although the results llsted 1n Table 12 are prel1m1nary by ?‘
_-nature, there is . a clear xndidatlon of the preferred '

b o
k1nteractlon between the cluster of ether molecules and o

acetylchol1ne over the correspondlng 1nteract10ns w1th Na

or Mater. This trend shows that the poss1ble 1nteract1ons

i"1n the synaptlc cleft should be cons1dered along with the ’
) o '
"channel blocklng property of anesthet1cs 1n formulatlng a

: mechanlsm of general anesthes1a.,



.-

CHAPTER 4 - CONCLUSIONS _ ;|\

The results of the calculations presented in thxs-.
mthesis 111ustrate the applicabxllty of a l/R expansion 1n

studying interactions between systems particxpating in

»
_ biochemical processes. As the results have been discussed

”,1m\the relevant sectlons of Chapter 3, only general comments _ ,
. e

on’ the app11cab111ty of the method and improvements to the °

",

»'theory wxll be presented here. | ;_ ,g?t."y - ”OV; d ‘V_ 'j o
: »ﬁ The agreement between the calculated and exper1menta1 S
' ordering of the permeab111ties of the ions 1mproved with
.’ieach ref1nement of the simulat1on of the Sodxum channel.ueﬁ
.;The model w1th the solvated pore best described the passage
uof the 1ons through the channel.' Nevertheless, forlthe
transport of- Na ' the dlstance between the two b1nd1ng s1tes;ulty

R <)

'was not in;agreement w1th the experlmental observatlon of 20. ﬁf .

"AJ‘ Thls may be due to many factors, among them the

'*1nadequate representatlon of the b1ologlcal nature and
.:thenv1ronment of the channel and the neglect of the peptldeléiff ‘_%’;
h11brat10n. The 1ntroduct10n of peptlde 11brat1on may change ,l:;@‘”'

'.~thls parameter of 1on1c transport as the movement of the ;f. R

channel backbOne to effectlvely coordlnate the 1on resultsf~

: oA A
in conformational changes of the Gramic1din—A d1mer.:Jei_gp?' _/%p.
. x : -
N . - ? ' . :f':
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In all_the results_on ionic movement presented in the

“atpms.. The ab—initio study (80) of the interaction of the

v

"previous chapter, thelcharge on the ion is assumed-to be
»unity for the alkali ions and two for the Calcium ion.

During 1onic transport, this charge may be delocalised over )

'fethe amino -acid residues and other moleqular species. like

/\

'ewater, present in the vicinity of the ion. Calculations
l‘(79) usxng the complete neglect of differential overlap
'(dﬂDO) method Andicated that suchrcharge transfeﬁs are
’possxble and result 1n the stabilisation of the systems
*concerned. Hf } ”?,:f‘v;{g ,}eri_7i‘pt,'.lrf‘ﬁ '-;'_;,

“v' A further refinement to. the channel model would consist
770£ replacing the simulated polar headgroups by phosphate

| m01et1es. Such a treatment requires the evaluation o£ ‘the f

vand g. parameters for phosphorous and the asgociated oxygen ;

phosphate group with water can be used to evaluate the__'
required parameters. Simulation of the lipid environment of

the ionophore by phospholipid molecules is a further

.improvement to the model but the computational Eeq“ifements e

o

A-‘would be extremely large. ‘
. - The results obtained for the interaction of the toxxns'
f’with the channel illustrate the strong binding between the

~‘toxin and the mouth qf the pore in agreement with recent ~7~

'5'w1experimental studies (81). The studies on diethyl ether o

"~ff¢111ustrate some of the interactions which may be: respoqsible

'~dfor the inhibition of nervous transmission. similar studies
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 _on related anesthetics like nethoxyflurane and isoflurane,'

-f< of. the uethod presented in this thesis.

icould subs;ﬁntiate the inportance of the postulated
tinteractions in inducing anesthesia., Houever:ﬂsuch studies ,
frequire the evaluation of the £ and g paraneters for the |
fFluorine and Chlorine atons of methoxyflurane and

“1sof1urane. In order to determine the parameters, good - ab-“g
initio calculations for the interactions of these atoms with

' syste-s vhose atoms can be assigned to known classes are

.required. This is the naJor drawback in the applicability

The correlation energy defined within a variational

i treatment of interacting systems can be’ associated with the .

' dispersion energy that can be derived in a perturbation
."analysis of weak interactions (82).p ‘As nentioned in section~i'
L 2. 2 3. 2,,this dispersion energy can be expressed as a- .,.,
;“afunction of the (R’6 + RrR78 4 R‘lo) terns if the dipole- ;}_iurl f_lﬂ

' quadrupole and quadrupole-quadrupdle contributions are . |
-5fconsidered. in addition to the dipole-dipole interaction_:ja

1ter-.v Theretore. inclusion of the (R’8 + Rflo) terms takes:e‘f"fi""

”"into account a najor portion of the intersystem correlation‘-':

.ihfenergy. The coefficients of : these two terms would require S

/

' suitable para-eterieation in a nanner analogous to that used}ff'"

'lfor the n‘l, n". n“ ‘and n -12. terns. The study by Lie" et

,@_“al (83) nakes use of such a Eoruulation together with the f;~""

S L S
--ﬂartree-Fock potential to si-ulate the structure of bulk S

- U&tﬁt- -
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' The applicability of the method of calculation is

-

demonstrated by the resclts presented in the previous
_chapter of this the51s. The c0mputational requirements are

"modest, even for the study of such large systems like %he

-_Gramicidin-A dimer.v Within the framework of the theory, the

.results obtained u51ng the potential energy functlon are

f.useful in understanding 1nteractions between biomolecules.

L
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